Here we describe tissue-resident memory B lymphocytes of spleen and bone marrow. Single cell transcriptomes and B cell receptor repertoires identify several exclusive populations of isotype-switched memory B cells (Bsm) in murine spleen and bone marrow, and one
Introduction
At present, it is an open question whether, and if so which populations of memory B cells are maintained as circulating cells and/or as resident cells of particular tissues, as has been described for tissue-resident memory T cells 1 and resident memory plasma cells 2 . Memory B cells expressing antibodies of switched isotype (Bsm) have been identified in different tissues 20 and in the blood, and have been postulated to be part of one uniform, circulating population 3 . In humans, the spleen has been identified as a major hub for circulating Vaccinia-specific memory B cells 4 and splenectomy leads to gradual reduction in numbers of Bsm in the blood to about 50% 5 , suggesting that tissues other than the spleen can also serve as hubs for circulating memory B cells. 25 Here, we describe a major population of isotype-switched memory B cells in the bone marrow (BM) of inbred and feral mice. Bsm of the BM and spleen of individual mice have significantly different repertoires, demonstrating that overall, they constitute separate compartments. In the BM, Bsm rest in terms of proliferation and individually dock onto VCAM1+/fibronectin+ stromal cells, as described for memory T 6 and memory plasma cells 7, 8 . Based on their transcriptomes, 30
Bsm of BM could be separated into five different clusters, four of which are also found in the spleen. One cluster is exclusive to BM and represents IgG1+ Bsm expressing little Cr2 and spleen an exclusive cluster of Bsm expressing IgG1 or IgG2, Cr2 and Fcer2a is present, with transcriptomes resembling those of marginal zone B cells 9 . Of the four Bsm clusters found in both spleen and BM, two have organ-exclusive repertoires and two have significantly overlapping repertoires. Mutational trajectories link one of those clusters to the clusters exclusive to BM and spleen, respectively. Bsm memory is thus maintained in shared and 40 exclusive compartments in a secondary lymphoid organ, i.e. the spleen, and in the BM, which harbors an exclusive population of quiescent, affinity-matured Bsm. cells. In contrast, the numbers of total CD19 + B cells of the spleen and BM were significantly reduced after one week of cyclophospamide treatment.
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In the bone marrow Bsm individually co-localize with VCAM-1 + stromal cells
In histological sections of the BM of Blimp1-GFP C57BL/6mice, we identified IgG2b+ Bsm as Figure 1f ). 53% of the Bsm were directly contacting lamininexpressing stromal cells, and another 26% were in the 10µm vicinity of such cells (Figure 1f ).
Contact of IgG2b+
Bsm to VCAM-1+ stromal cells is deterministic, since it is significantly 80 different from random association between the two cell types, as determined by simulation of random co-localization ( Figure S1g ) 7 . The co-localization of Bsm and stromal cells is in line with expression of VLA4 (CD49d/CD29), a receptor for fibronectin and VCAM-1, and VLA6 (CD49f/CD29), a receptor for laminin 11 , by Bsm (Figure 1g , CD19 staining and cell size shown in Figure S1h ). About 10% of Bsm were in direct contact and 26% within 10µm vicinity of 85 cadherin 17 (Cdh17)-expressing stromal cells (Figure 1f ).
Taken together, Bsm are abundant in BM and spleen, where they rest in terms of proliferation.
In the BM, Bsm are individually docked onto stromal cells. 90 Comparing the BCR repertoires of Bsm of spleen and BM of individual mice on the level of complementarity-determining region 3 (CDR3) of their immunoglobulin heavy chains, revealed only marginal overlap of CDR3 repertoires between Bsm expressing the same isotype residing in the spleen or BM of individual mice. This is shown in Figure 2 and S2 for IgG1/2+ and IgA+ Biological and technical replicates served to determine how representative the samples were, and to determine reproducibility ( Figure S2a ). Cosine similarity, a measure to determine the similarity of two groups irrespective of size, was significantly higher for biological replicates (0.65-0.97) than between samples from spleen and BM of each mouse (cosine similarity ~0.4) ( Figure S2b ). Moreover, we simulated random overlap between two biological samples by 100 randomly reshuffling the sequences observed, resulting in significantly (P<0.001) higher overlaps (Figure 2b, d ) than those observed (Figure 2a, c) . Remarkably, several of the most frequently expressed Ig heavy chain V-genes were found predominantly either in the spleen or in the BM, e.g. IGHV1-5 of mice 1 and 3 ( Fig. 2e ). The segregation of repertoires of Bsm of spleen and BM strongly argues for a tissue-specific compartmentalization of Bsm. 105
Switched memory B cells of bone marrow and spleen have distinct Ig repertoires
Transcriptional heterogeneity of Bsm in bone marrow and spleen
In order to resolve the heterogeneity of Bsm within as well as between spleen and BM, we analyzed single-cell transcriptomes of Bsm isolated from both organs of two individual mice.
Bsm from C57BL/6J mice immunized three times with NP-CGG/incomplete Freund's adjuvant 110 (IFA) i.p. 60 days prior to analysis were enriched by MACS with CD19 microbeads (Miltenyi Biotech) and isolated by FACS as IgG1+IgG2b+CD19+CD38+GL7-CD138-IgM-IgD-cells. In total, 6047 Bsm from the spleen and 4164 from the BM were subsequently sequenced using 10X Genomics-based droplet sequencing. An average of 42,407 reads per cell defined a median number of 1629 transcribed genes per cell, corresponding to a sequencing saturation of 115 approximately 70%. For 4,754 Bsm from spleen and 2,947 from BM, we also determined the sequences of their antibody heavy and light chains. In line with the isolation protocol and degree of transcriptome saturation, most cells expressed the B cell marker genes Cd19 (86% of all cells), Cd38 (36% of all cells), Pax5 (38% of all cells) and Ptprc (CD45, 80% of all cells) ( Figure   S3a ). Transcription of Sdc1 (CD138, <0.1%, a surface protein expressed on plasma blasts and 120 plasma cells) and Bcl6 (2.5%, a transcription factor characteristic for germinal center B cells) was not detectable overall ( Figure S3a ). According to their transcriptomes, Bsm robustly clustered into 6 different populations ( Figure 3a ). Bsm of clusters I, II, III and VI were present in both the spleen and BM of the two mice at varying frequencies. Bsm of cluster IV were almost exclusively located in the spleen, while Bsm of cluster V were virtually exclusively located in the 125 BM ( Figure 3b ). While clusters III (91% IgG1, 9% IgG2b/c) and V (94% IgG1, 6% IgG2b/c) were predominantly cells of IgG1 isotype, cluster VI was highly enriched for cells of IgG2b/2c isotype (4% IgG1, 96% IgG2b/c). Cluster I (84% IgG1, 16% IgG2b/c), II (36% IgG1, 64% IgG2b/c) and IV (71% IgG1, 29% IgG2b/c) consisted of cells of mixed isotypes ( Figure 3c ).
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Signature genes characteristic for the different clusters, with area under curve (AUC) of responder-operator characteristics (ROC) of >0.7, are displayed in Figure 3d . Bsm of Cluster I were characterized by low levels of Cr2 (CD21) (14% of cells in cluster 1) and intermediate levels of Fcer2a (CD23) (52% of cluster I cells) (Figure 3d , 3e). 95% expressed the transcription factor Krueppel-like factor 2 (Klf2), 93% the cytoskeletal protein Vimentin (Vim) 12 and 62% the 135 golgi/endosomal-associated gene Prostate androgen-regulated mucin-like protein 1 (Parm1) 13 .
In summary, Bsm of cluster I resemble transitional memory B cells 14, 15 . 63% of Bsm of cluster II expressed high level of Fcer2a and intermediate levels of Cr2 (24% of cluster II Bsm). Cells of cluster II also expressed the complement decay-accelerating factor Cd55 16 in 75% of the cases and 77% expressed the transcription factor Foxp1 (Forkhead Box P1) 17 . This gene expression 140 pattern suggests that Bsm of cluster II are follicular memory B cells 14 . Bsm of cluster III resemble "age-associated memory B cells" (ABC), in that they expressed low levels of Cr2 (3%) and Fcer2a (15%). We detected high levels of the integrin gene Itga4 (CD49d) in 91%, Itgam (CD11b) in 4% ( Figure S3b ) and the chemokine receptor gene CXCR3 in 47% of cluster III Bsm 18 . In addition, 62% of cluster III Bsm expressed the gene encoding the calcium binding 145 protein S100a6 19 . However, they lacked the expression of Itgax, the gene encoding for CD11c ( Figure S3b ), which has been associated with ABC (reviewed in Rubtsova et al. 18 Figure S3c ), but not gene sets associated with glycolysis or RNA polymerase IImediated transcription. Confirming their quiescence, Bsm of cluster V, located exclusively in the BM, did not express gene sets associated with BCR receptor signaling, DNA synthesis or 170 regulation of cell cycle progression. Conversely, many Bsm of cluster IV, located only in the spleen, expressed these gene sets. In addition, these Bsm were exclusively expressing a gene set indicating cognate activation. Bsm of cluster III were exclusively enriched for a gene set associated with lymphocyte migration (GO term lymphocyte migration).
BCR repertoires and trajectories of spleen and bone marrow Bsm clusters 175
The comparison of the BCR repertoires (paired Ig heavy and light chain) of the Bsm clusters I, II, and IV showed exclusive repertoires, as determined by simulation of randomized distribution of BCR sequences to the different clusters (Figure 4a between Bsm of cluster VI from the spleen and BM. The same was true for Bsm of clusters III and V, which showed a significant overlap of their BCR repertoires between clusters as well as between those of spleen and BM. Together these results imply that those Bsm clusters were either interconnected in their generation and/or maintenance.
Bsm with a high-degree of somatic hyper-mutation (>1% mutation in framework (FR)1- 185 3) were more frequent in clusters I, III, IV and V ( Figure 4b ) than in clusters II and VI.
Interestingly, the genes encoding for CD80 (Cd80) and CD273 (Pdcd1lg2), which have been described to correlate with an increase in somatic hypermutations 28 In summary, mutational trajectories link cluster II to cluster VI and cluster III to cluster V, and to lesser degree to cluster I. Together these data suggest that Bsm of cluster III of spleen and BM represent one interconnected compartment. Here we show, that their antigen receptors are highly mutated and that their repertoire is different from the repertoire of Bsm of all other clusters, indicating that they are a resident 270 population, generated in exclusive immune reactions.
An exclusive BM population of Bsm is seen in cluster V. Bsm of cluster V express low levels of CD21 and CD23. They are quiescent, as reflected by their lack of expression of gene sets associated with BCR receptor signaling, DNA synthesis or regulation of cell cycle progression.
In relation to other genes, they express high levels of housekeeping genes encoding ribosomal 275 proteins 36 . Their antigen receptor repertoire is different from that of Bsm of clusters I, II, IV and VI, but shows considerable overlap with Bsm of cluster III (see above), which according to mutational trajectories, qualify as their precursor cells. Interestingly, different from Bsm of cluster III, Bsm of cluster V, however, do not express genes associated with migration.
Finally, Bsm of cluster VI, present in both spleen and BM, are exclusively IgG2 expressing cells. 280
They express CD5 and CD9, markers of cells of the B1 lineage 21 . Repertoires of Bsm from spleen and BM overlap significantly, showing that these populations have been connected in development. It should be noted, however, that Bsm of cluster VI do not express genes associated with lymphocyte migration in the maintenance phase of memory.
In summary, the clustering of Bsm according to their transcriptomes reveals an unforeseen 285 heterogeneity, with populations so far not described until now (clusters I, V), or poorly characterized (cluster III, IV). The vast majority of these cells, those of clusters I, II, IV, and V, VI are apparently permanent residents of their tissue, since they have exclusive antigen receptor repertoires and/or exclusive location, and they do not express genes associated with lymphocyte migration. 10 to 20% of Bsm of spleen and BM, those of cluster III, resemble "aged" 290 memory B cells and qualify as circulating memory B cells, with largely overlapping repertoires of spleen and BM, and expression of genes associated with migration. Thus, as described for memory T lymphocytes 2 , a significant proportion of Bsm of BM are resident.
Moreover, Bsm are apparently maintained in the BM like memory T and memory plasma cells 2 , where they individually dock onto mesenchymal stromal cells, expressing VCAM1, which 295 provide a niche for their maintenance. We did not observe a preferential colocalization to Cadherin-17 expressing stromal cells of the BM, a colocalization that has been reported relevant for Bsm of the spleen 37 . Instead, we observed a co-localization of Bsm of the BM to laminin expressing stromal cells. This is in striking homology to IgG-secreting memory plasma cells, which in the BM, but not in the spleen, require laminin-beta1 for their maintenance 38 . Ig repertoire data discussed in this publication are available at GEO under accession number XXX (Link). 490
Statistics and data representation
Absolute numbers of mouse B cell subsets per organ were calculated based on their frequency in a sample. For spleen, peripheral and mesenteric lymph nodes and Peyer's patches, total organs were prepared and the total numbers of B cell populations calculated based on the 495 numbers in a defined volume determined by flow cytometry (MACSQuant, Miltenyi). BM cell numbers were calculated analogously based on cell numbers in a single femur of a mouse which is estimated to harbor 6.3% of total BM leading to a conversion factor of 7.9 from two femurs to total murine BM 6 .
Further analyses and statistical tests were performed within the R programming environment 51 , 500 with use of the non-base package VennDiagram 52 . Whiskers in Tukey boxplots span 1.5IQR. 
Preparation of histological sections and confocal microscopy
Modelling random co-localization
To determine the probability of Bsm cells randomly co-localizing to their observed nearest 530 neighbors, we employed modelling of random cell positioning, in a modification of the previously published approach 7 . In brief, images of Bsm were positioned on histological images of BM at random, repeatedly. Frequencies of co-localizing Bsm and stromal cells were then determined and compared to the frequencies of the original histological images. Spleen GC 
